To globally survey the changes in transcriptional landscape during terminal erythroid differentiation, we performed RNA sequencing (RNA-seq) on primary human CD34 1 cells after ex vivo differentiation from the earliest into the most mature erythroid cell stages. This analysis identified thousands of novel intergenic and intronic transcripts as well as novel alternative transcript isoforms. After rigorous data filtering, 51 (presumptive) novel protein-coding transcripts, 5326 long and 679 small non-coding RNA candidates remained. The analysis also revealed two clear transcriptional trends during terminal erythroid differentiation: first, the complexity of transcript diversity was predominantly achieved by alternative splicing, and second, splicing junctional diversity diminished during erythroid differentiation. Finally, 404 genes that were not known previously to be differentially expressed in erythroid cells were annotated. Analysis of the most extremely differentially expressed transcripts revealed that these gene products were all closely associated with hematopoietic lineage differentiation. Taken together, this study will serve as a comprehensive platform for future in-depth investigation of human erythroid development that, in turn, may reveal new insights into multiple layers of the transcriptional regulatory hierarchy that controls erythropoiesis.
INTRODUCTION
Erythropoiesis is a dynamic process during which immature hematopoietic cells progressively mature into proerythroblasts, erythroblasts (basophilic, polychromatic and orthochromatic), reticulocytes and erythrocytes. These maturational stages can be recapitulated in ex vivo differentiation cultures that are accompanied by changes in cell morphology (cell size reduction and chromatin condensation, ultimately leading to enucleation) and in transcription (through the differential induction of erythroid-specific genes). Therefore, a comprehensive knowledge of the dynamically changing transcriptome of erythroid cells at different stages of maturation may provide meaningful insights into the transcriptional networks governing erythropoiesis, and this in turn could lead to the identification of novel molecular targets that could be exploited for the treatment of erythroid dysfunction caused by inherited (e.g. sickle cell disease and b-thalassemia) and acquired (e.g. myelodysplasia and aplastic anemia) deficiencies.
Most human erythroid transcriptome studies were previously performed using microarrays (1) (2) (3) (4) (5) (6) that are, by design, limited to the detection of known transcripts. The ascendancy of unbiased deep RNA sequencing (RNA-seq) overcomes this limitation by identifying novel transcripts regardless of prior knowledge or genome annotation (7, 8) . Novel transcripts that can be identified by RNA-seq include novel alternative RNA isoforms of annotated genes (hereafter referred to as 'novel isoforms') (7-9) and intergenic and intronic transcripts. The latter are a valuable resource for future investigation of protein-coding and non-coding RNAs (ncRNAs) (10) (11) (12) . There is increasing evidence that ncRNAs play a more prominent role than previously appreciated in gene regulation (13, 14) , genomic imprinting (15) , cancer metastasis (16) , stem cell pluripotency and cellular differentiation (17) . RNA-seq methodology has also been reported to measure transcript abundance with superior dynamic range (over five orders of magnitude) (7, 18, 19) when compared with microarray studies, resulting in significantly improved sensitivity and accuracy in transcriptome analysis [e.g. RNA-seq analyses have been reported to detect up to 25% more expressed genes than do microarrays (20) ]. Thus, a greater number of differentially expressed transcripts involved in erythropoiesis might be identified using RNA-seq than have been previously reported from microarray studies.
Alternative transcript isoforms have been reported for .92% of multi-exon human genes (21) and are believed to be a principal driving force for the evolution of the complex transcriptome of mammals. Increased transcript isoform diversity is attained through alternative transcription and alternative splicing. In alternative transcription, distinct pre-mRNAs are generated through both alternative transcriptional initiation and termination (ATI and ATT, respectively), whereas for alternative splicing, one pre-mRNA isoform becomes differentially spliced to produce multiple post-transcriptional RNAs. A previous study reported that alternative transcription exceeded alternative splicing during mouse cerebellar development (22) , which was contrary to an even earlier conclusion that alternative splicing occurred more frequently in 15 diverse human tissues and cell lines (21) . Further, splicing junctional complexity was found to diminish during neuronal differentiation (23) . It is thus currently unclear whether alternative transcription or splicing is the primary contributor to whole transcriptome diversity, and whether or not junctional complexity changes during human erythropoiesis.
In this study, we performed RNA-seq on primary human erythroid cells expanded in differentiation cultures ex vivo from purified CD34
+ cells for 4, 8, 11 or 14 days; by the final time point, .85% of the cells expressed high levels of hemoglobin and 25% of the cells had enucleated. We identified and characterized transcripts that were localized in intergenic and intronic regions of previously annotated genes as potential novel proteincoding transcripts and small or long non-coding RNAs during the course of erythroid differentiation. We also compared the frequency of alternative transcription and alternative splicing events during erythropoiesis, and, additionally, analyzed developmentally regulated splicing dynamics. Finally, we identified differentially expressed transcripts between each pairwise differentiation stages and compared all of these results to previous microarray datasets. We suggest that these data may serve as a comprehensive resource for a variety of investigators interested in erythroid cell development.
RESULTS

Induction of human erythroid differentiation ex vivo
Purified human CD34
+ hematopoietic progenitor cells were differentiated ex vivo as previously reported (24, 25) . After 4 days in culture, no hemoglobin was detected in these immature cells by neutral benzidine staining, which monitors hemoglobin synthesis in erythroid cells (Fig. 1A, top panel) . By Day 8 in culture, 90% of the cells resemble proerythroblasts. By Day 11, the cells were at an intermediate differentiation stage, comprised primarily of basophilic and polychromatic erythroblasts ( 30%). By Day 14, 25% of the cells had undergone enucleation, the ultimate hallmark of terminal erythroid maturation. Benzidine-positive cells increased from initially undetectable to typically .85% by Day 14 (Fig. 1A, bottom panel) . Additionally, erythroid maturation was also confirmed by flow cytometry (Supplementary Material, Fig. S1 ). Taken together, these data show that human CD34
+ cells underwent almost complete terminal erythroid differentiation during the 14-day culture period.
Generation and quality of RNA-seq data Cells were harvested after 4, 8, 11 and 14 days of differentiation; RNA-seq was performed on two biological replicates at each stage using a paired-end 72 bp sequencing format on an Illumina Genome Analyzer IIx (Supplementary Material, Table S1 ). Strong correlation [Pearson's correlation coefficient (r) ¼ 0.97 -0.98] was observed between the two biological replicates collected at each stage (Supplementary Material, Fig. S2A ). To further verify the accuracy of RNA quantification using RNA-seq, 37 genes expressed during the four differentiation stages were randomly selected for qRT-PCR analysis, and again, a strong correlation (r ¼ 0.946) was observed between the qRT-PCR and RNA-seq assays (Supplementary Material, Fig. S2B ). As a representative example, the compilation of reads that mapped to the human b-globin locus illustrated that adult b-globin (HBB) transcript abundance peaked after Day 8, and was far more abundant than any other globin transcript generated from these differentiated adult bone marrow CD34
+ cells, as anticipated (Fig. 1B) .
Characterization of previously known and novel transcripts
To identify novel transcript isoforms as well as new intergenic and intronic transcripts from the RNA-seq datasets, we performed de novo assembly of the transcripts using TopHat and Cufflinks (26) . Of the total transcripts assembled, 32 453 represented new splicing isoforms that could be generated from previously annotated genes, while 9038 appeared to be completely novel (Table 1) .
To gain insights into the nature and possible functional significance of these transcripts, they were further subdivided by parameters such as transcript length, open reading frame (ORF) length, exon number, phylogenetic conservation score, repeat element content and expression level. Perhaps most significantly, while most known transcripts and novel isoforms (94 and 89%, respectively) generated from all previously annotated genes were longer than 1 kb, the novel transcripts identified here were significantly shorter, with only 30% of intergenic and 32% of intronic transcripts being longer than 1 kb ( Fig. 2A and Table 2 ). One criterion that is commonly used to distinguish protein-coding transcripts from non-coding transcripts is the presence of an ORF longer than 300 nt (27, 28) . While most of the known transcripts and novel isoforms of previously annotated genes (93 -96%) obeyed this criterion, only 32% of intergenic and 23% of intronic transcripts fell into this category (Fig. 2B and Table 2 ). We surmise that this smaller subset of intergenic and intronic transcripts (with ORFs .300 nt) may have protein-coding potential, whereas the majority of them probably represent non-coding (nc) RNAs. To further support this contention, we found that only 7% of intergenic and 1% of intronic transcripts encoded more than one possible exon, while 94-95% of known transcripts or novel isoforms from annotated genes have multiple exons (Fig. 2C and Table 2 ). Additionally, as judged by PhastCons conservation score (29) , intergenic and intronic transcripts were less well conserved than were the known transcripts and novel isoforms of annotated genes ( Fig. 2D and Table 2 ). Moreover, the average transcript Human Molecular Genetics, 2014, Vol. 23, No. 17 4529 abundance of the novel isoforms and the intergenic and intronic transcripts were generally lower than the previously annotated transcripts (Fig. 2E and Table 2 ). Finally, although repetitive elements are frequently found in intergenic regions of human genome (30) , their content within the novel intergenic and intronic transcript category did not differ significantly from their relative frequency in all previously annotated transcripts ( Fig. 2F and Table 2 ). In summary, the novel intergenic and intronic transcripts identified here generally had shorter transcript and ORF lengths, fewer exons, lower sequence conservation and were of lower abundance than the corresponding known transcripts from previously annotated genes.
Identification of putative protein-coding and non-coding RNAs
To identify the most probable novel protein-coding candidates among the transcripts, we applied combinations of multiple logical criteria that were discussed previously; ORF length (.300 nt), exon number (.2), which are the two most conventional and conservative criteria for protein-coding potential; additional criteria that increase the stringency were PhastCons score (.0.1), repeat element content (,30%), and expression level (excluding the lowest 5% of transcripts at each maturation stage). Ultimately, 50 intergenic and one intronic transcripts successfully passed the most stringent tests ( Table 2 ). Among them, only three represented products of conceivably unique proteincoding genes, while the remaining 48 appeared to be transcripts from genes with high similarity to known genes and were therefore presumed to have arisen by gene duplication.
We describe TCONS_00053011 as a detailed example of the three putative novel protein-coding transcripts (Fig. 2G) . Although a BLAST search of this ORF (using the most recent genome updates) returned no matches, this transcript is found in the human EST database (Fig. 2G ), indicating that it likely represents a novel human RNA with protein-coding potential. A second example, TCONS_00040131, taken from the 48 transcripts that display high similarity to transcripts of known genes (in this case, to FANCD2) is depicted in Supplementary Material, Figure S3 . We randomly selected 9 (out of the 51 recovered) filtered transcripts and confirmed their existence by RT-PCR (Supplementary Material, Fig. S4 ).
In this study, we also identified putative non-coding RNAs based on their transcript and ORF lengths. Transcripts longer than 200 nt with ORFs shorter than 300 nt were classified as putative long non-coding RNAs (lncRNAs) (27) , and only 249 (3%) of all known transcripts and 2108 (6%) of the novel isoforms fulfilled both criteria, while 3008 (54%) intergenic and 2318 (66%) intronic transcripts obeyed both criteria (Table 2) . Transcripts from 20 to 200 nt were categorized as putative small non-coding RNAs (sncRNAs) (31, 32) ; however, none of the known transcripts and only 28 (0.09%) of the novel isoforms obeyed this criterion, while 581(10%) intergenic and 98 (3%) of the intronic transcripts obeyed the criterion (Table 2) . We note that these sncRNAs might be underrepresented in datasets presented here because only cDNA fragments of 200 nt in length were selected for the RNA-seq library constructions.
In summary, after rigorous data filtering, 51 novel RNAs were discovered as potential protein-coding transcripts. Further analyses revealed that only 3 (out of 51) transcripts may have protein-coding potential while the remaining 48 transcripts may have been generated by gene duplication. Additionally, we also found 5326 long and 679 small non-coding RNA candidates in the present study.
Changes in transcriptional and splicing isoform diversity during erythropoiesis
Transcript isoforms can be generated either at the level of transcription by alternative transcriptional initiation (ATI) and/or ′ S; alternative 3 ′ splicing, A3 ′ S, respectively) from the mature mRNA ( Fig. 3A) (21, 22) .
We next investigated the contributions of alternative transcription and splicing to transcript isoform diversity during erythroid differentiation. For all known transcripts, alternative transcription collectively comprised 22.6% (15.9% ATI and 6.7% ATT) of total events, while alternative splicing made up 77.4% of the total events during erythroid differentiation (Table 3 ). When we combined the known and novel isoforms from the annotated genes together, we also observed that alternative splicing was far more prevalent than alternative transcription starts and stops in total alternative events (Table 3) .
Although a similar number of genes generate transcript variants during differentiation, for all known transcripts the total frequency of alternative events diminished as differentiation progressed (Table 3) , hence the average frequency of alternative events per gene gradually decreased (from 2.34 to 2.08) between Days 4 and 14, respectively ( Table 3 ). The same trend occurred when the known and novel isoforms were combined, in that the average frequency of events per gene also diminished from 2.47 on Day 4 to 2.19 by Day 14 ( Table 3 ), suggesting that isoform diversity is more prominent during more immature erythroid differentiation stages. Further, although a decrease in the overall number of alternative events occurred as differentiation progressed, none of the specific alternative event categories was differentially affected (Table 3) .
We also examined splicing junctional complexity during erythropoiesis. As shown in Figure 3B , the number of unique junctions generated from all annotated genes (including known transcripts and novel isoforms) diminished with progressing differentiation, consistent with the alternative splicing event quantification. In summary, the complexity of transcript diversity throughout differentiation was predominantly achieved by alternative splicing, while splicing junctional diversity diminished during erythroid differentiation.
Highly expressed transcripts during erythropoiesis
Hereafter we used an alternative protocol entitled 'Quantification of reference annotation only' (26) , in which no novel gene or transcript discovery algorithm was applied, to measure the expression abundance (FPKM) of transcripts annotated by the RefSeq database. Using this method we found that 66-70% of all known human transcripts were expressed in erythroid cells (Supplementary Material, Table S2 ). A histogram depicting the frequencies of transcripts plotted against their abundance at each differentiation stage is shown in Figure 4A .
We next examined the most abundantly expressed transcripts at each differentiation stage, which might provide insights into essential physiological functions that may be required at different stages. A total of 815 transcripts with an FPKM .128 were identified at one or more of the four stages (with 652, 620, 535 and 446 such transcripts detected at Days 4, 8, 11 and 14, respectively) ( Fig. 4B and Supplementary Material, Table S3 ). Gene Ontology (GO) analysis (33) revealed that transcripts that were highly expressed on Day 4 were enriched for basic metabolic functions (e.g. generation of precursor metabolites, nucleotide metabolic processes and DNA metabolism etc.) and basic biological processes (e.g. regulation of apoptosis, RNA processing and splicing etc.), while highly expressed transcripts at later maturation stages were enriched for erythroid-specific functions (e.g. hemoglobin complex formation and erythrocyte differentiation) (Supplementary Material, Fig. S5A ). Of these 815 transcripts, 308 ( 40%) were highly expressed throughout erythroid differentiation and were strongly associated with ribosome-related functions such as protein synthesis (Supplementary Material, Fig. S5B and C) . In order to shed light on the potential transcriptional regulation of these highly expressed transcripts at each differentiation stage, we performed transcription factor binding site analysis (UCSC_TFBS) using the DAVID database with default settings (see Materials and Methods). After applying a cutoff of false discovery rate (FDR) ,0.05 to the enriched transcription factors at each stage, we observed that some transcription factors displayed a unique, stage-specific regulatory pattern (e.g. YY1 at Day 4, NFY and PAX5 at Day 8 and TAX/CREB at Day 11), while we also saw enrichment of NRF2 throughout erythroid differentiation (Fig. 4C) .
Taken together, the consistently highly expressed transcripts during differentiation were strongly associated with ribosomerelated functions. The highly expressed transcripts on Day 4 were predominantly concerned with basic metabolic functions and basic biological processes, while the highly expressed transcripts at later differentiation stages (e.g. Day 14) were enriched in erythroid-specific functions. 
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Differentially expressed transcripts during erythroid differentiation
We identified 11 402 differentially expressed transcripts after applying double cutoffs of a fold change .2.5 between any pairwise comparisons (of Days 4, 8, 11 or 14) and an FPKM .0.01 in at least three of the differentiation stages examined (Fig. 5A) . The analyses were further refined by hierarchical clustering based on the temporal expression patterns of the transcripts normalized to Day 4 ( Fig. 5A and B) , resulting in the identification of seven distinct gene expression clusters. GO analysis revealed that transcripts in Cluster 1 (predominantly up-regulated) were enriched for erythroid-specific functions such as hemoglobin complex (i.e. mRNAs for a-and b-globins), nucleosome assembly, oxygen transport, cell death and heme metabolic processes (Supplementary Material, Table S4 ). Not surprisingly, Cluster 7 (consisting entirely of down-regulated transcripts) was enriched for non-erythroid functions such as immune system processes and leukocyte activation (Supplementary Material, Table S4 ). Interestingly, another major population of transcripts (described as Cluster 4) was specifically enriched in metabolic processes. These transcripts were initially induced from Day 4 to Day 8, and subsequently repressed at Days 11 and 14, of erythropoiesis (Supplementary Material, Table S4 ), suggesting that the most active metabolic and energy-consuming processes occurred while the progenitor cells were undergoing rapid proliferation prior to commitment to the erythroid lineage.
Since RNA-seq has been reported to significantly improve sensitivity and accuracy in transcriptome analysis (7, (18) (19) (20) , we might have expected to identify many differentially expressed genes that were previously overlooked in microarray studies during erythropoiesis. We found 1322 more differentially expressed genes (using fold change .2.5 between any pairwise stage comparisons) that were not identified in previous microarray studies (1 -5), which included two studies that most closely mimic the serum-free culture conditions employed in this study (2, 4) . After removing low abundance transcripts by applying an additional criterion requiring an FPKM .1 in at least three differentiation stages, this finally yielded 404 genes that were differentially expressed, including 80 (20%) non-coding RNAs (Supplementary Material, Table S5 ).
We next examined significantly enriched TFBSs in the vicinity of hierarchically clustered genes. By applying an FDR ,0.05, we discovered 42, 28 and 73 transcription factors that are possible modulators of transcription in Clusters 1, 4 and 7, respectively (Supplementary Material, Table S6 ). As shown in Figure 5C , we found that the binding sites for, among others, HNF4, LMO2COM and HEN1 were significantly and uniquely enriched in the genes encoding induced transcripts (Cluster 1), while sites for NMYC, MYOD, IK3, ELK1 and PAX2 were similarly enriched among the genes encoding transcripts that diminished during progressive differentiation (Cluster 7). However, in Cluster 4, there were only 5 (of 28) TFBSs that were uniquely and significantly enriched, including RORA2 and STAT1 (both TFs which interestingly execute differentiation programs in response to extracellular signals), while the remainder either overlapped those of Clusters 1 or 7 (Supplementary Material, Table S6) .
We also applied a second algorithm called DESeq (34) to identify differentially expressed genes. DESeq is based on the negative binomial distribution of raw gene read counts to identify the differentially expressed genes rather than normalized FPKM values. It also employs a size factor estimation step for normalization that is robust to outlier high read transcripts, thereby avoiding any possible negative effect of simpler normalization based on total reads that might be influenced by very highly expressed genes (e.g. globin genes) in erythroid cells. Using an FDR ,0.05, we identified 4185 differentially expressed genes by DESeq (Supplementary Material, Fig. S6 and Supplementary Material, Table S7 ) and 68% (2870) of them overlapped with the differentially expressed genes identified using an FPKM fold change .2.5 and an FPKM .0.01 in at least three differentiation stages by Cuffdiff. We also enriched similar GO terms from the up-and down-regulated transcripts/ genes identified by Cuffdiff (Clusters 1 and 7) and DESeq (Clusters 1 and 2), respectively (Supplementary Material, Tables S4  and S7) In summary, differentially expressed transcripts during erythropoiesis (identified by a fold change .2.5 and an FPKM .0.01 in at least three differentiation stages) were classified into seven clusters by hierarchical clustering. Cluster 1 (primarily consisting of up-regulated transcripts) was enriched in erythroidspecific functions, Cluster 4 (up-regulated from Day 4 to Day 8, then down-regulated thereafter) was related to metabolic processes, and Cluster 7 (mainly containing progressively down-regulated transcripts) was associated with other non-erythroid hematopoietic lineage functions. For each of the major clusters, we predicted potential transcription modulators based on TFBS analysis. We also identified 404 genes that were not previously known to be differentially expressed in erythroid cells.
Abundant transcripts with extreme differential expression profiles are enriched in lineage-specific functions
To gain insights into the physiological functions associated with the most extreme differential expression patterns during erythropoiesis, we examined genes after applying criteria of a fold change .10 and expression levels of FPKM .0.1 for at least three differentiation stages. These doubly stringent criteria yielded a group of 1287 transcripts that were subjected to more detailed analysis (Fig. 6A) . Using hierarchical clustering, six groups of transcripts were identified; their expression patterns are shown in Figure 6B . GO term analysis revealed that the transcripts in Clusters 1 and 6 were significantly enriched in hematopoietic lineage-specific functions (Supplementary Material, Table S8 ). The most significantly up-regulated transcripts (Cluster 1) were highly related to erythroid lineage development, while the most significantly down-regulated ones (Cluster 6) were strongly associated with lymphocyte and leukocyte lineages (Supplementary Material, Table S8 ). Other fluctuating, ). The enrichment of TCF11 might have been predicted given its well-established roles in megakaryocyte differentiation (35) and T-cell development (36) . In brief, abundant transcripts with extreme differential expression profiles were specifically enriched in lineage-specific functions.
DISCUSSION
Massive parallel sequencing of experimentally derived short RNA sequences (RNA-seq) has revolutionized our understanding of the complexity, plasticity and regulation of gene expression, and has highlighted that the human transcriptome is far more complex and dynamic than initially anticipated (21, 37) . Here, we provide the most comprehensive transcriptional inventory of human erythropoiesis described to date using RNA-seq. In this study, the identification of thousands of novel transcripts that mapped to intergenic and intronic regions, delineation and analysis of thousands of known and novel alternative splicing variants as well as assessments of transcript accumulation profiles and abundances in differentiating erythroid cells are reported.
Accumulating evidence supports the notion that a large fraction of the non-coding genome is actively transcribed: while only 2% of the human genome encodes proteins (38) , perhaps surprisingly, primary and processed transcripts are derived from nearly 75 or 62% of the genome, respectively (39) (40) (41) . In this study, we similarly identified thousands of intergenic and intronic transcripts in non-coding genomic regions. We categorized most of these novel transcripts (54% intergenic and 66% intronic transcripts) as lncRNAs using generally accepted criteria. Further characterization revealed that these transcripts were significantly shorter than their protein-coding equivalents because of lower exon content. This finding is consistent with the observation from a recent comprehensive survey demonstrating that lncRNAs are principally composed of one or two exons, leading to generally shorter transcripts than their proteincoding counterparts (39) . The fact that these putative lncRNAs were less highly conserved than protein-coding transcripts further supports this assumption, since lncRNAs are generally thought to be under less selective pressure than protein-coding genes (39, (42) (43) (44) (45) . Moreover, the abundance of these putative lncRNA transcripts was on average significantly lower than known transcripts, also consistent with previous observations (39, 46) .
Although the expression of the lncRNAs is generally lower than their protein-coding counterparts, they were expressed in a more lineage-and tissue-specific manner (39, 47) , suggesting that they may play important roles in tissue-specific development and differentiation (48) . In support of this hypothesis, erythroid-specific lncRNAs have been reported to play key roles in the regulation of red cell maturation during mouse erythropoiesis (49) (50) (51) . However, since lncRNAs display poor conservation across species, erythroid-specific lncRNAs identified in the mouse might not help us to glean new insights into human erythropoiesis (51) . Therefore, the present data provide an important platform for revealing the identity of human erythroid lineage-specific lncRNAs and for exploring their physiological functions in the future. Since it has been speculated that lineage-specific ncRNAs may constitute potential therapeutic targets for hematological malignancies (52), investigation of novel human erythroid-specific lncRNAs could lead to new approaches for the treatment of erythroid-related disorders.
As revealed recently, extensive and dynamic alternative transcription or splicing is one of the hallmarks of erythropoiesis (53, 54) . The data described here revealed that the diversity and dynamics of the erythroid transcriptome stem from the combinatorial effects of alternative splicing and alternative transcription, with the former predominating as the primary mechanism to generate alternative RNA isoforms. A similar conclusion was reached in an earlier study that calculated the frequency of each specific alternative event in 15 diverse human tissues and cell lines (21) . However, additional studies have more recently proposed that alternative transcription was the primary driving force for transcriptome diversity in mouse cerebellar development as well as in the human genome without regard to tissue preference (22, 55) . Whether this is due to the cell type specificity (erythroid versus neuronal cells) or the application of different gene annotation resources (RefSeq versus UCSC/RefSeq or UCSC/RefSeq/Ensemble/MGI/Vega), the answer awaits more detailed analyses of differentiated cell types and the continued development of even more sophisticated analytical tools.
We observed progressively fewer overall alternative events, either transcriptional or splicing, as erythroid differentiation progressed. This is consistent with a previously observed phenomenon referred to as 'isoform specialization' in which splicing complexity is higher in immature, undifferentiated stem cells than in more committed cells such as neurons (23) or human lung fibroblasts (56) . To account for this, it was postulated that the higher isoform diversity is required to maintain the pluripotency/multipotency of stem/progenitor cells, while more specialized isoforms in differentiating cells may ensure proper differentiation (23) .
A comprehensive catalog of differentially expressed transcripts between each erythroid developmental stage was also generated here. As anticipated, Cluster 1 (successively more induced transcripts at each erythroid maturation stage) was enriched in erythroid lineage-specific physiological functions (2, 57) . At the same time, the transcription factors that were predicted to be uniquely and significantly associated with those genes also supported their erythroid-relevant functions. For example, LMO2, TAL1 and GATA1 can form a stable protein complex that promotes erythroid differentiation (58) , and the enrichment of HEN1 may be related to its potential interaction with LMO2 (59). In a similar manner, Cluster 7 (uniformly repressed down-regulated transcripts in successive differentiation stages) was enriched in lymphocyte lineage-related functions (57) . The transcription factors predicted from these down-regulated transcripts include NMYC, which is exclusively expressed in hematopoietic stem cells as a fingerprint gene (60) , MYOD, a tissue-specific expression marker for muscle (61, 62) 
PAX2, a specific expression marker of the kidney (63), all suggesting that non-erythroid lineage-specific genes are the most significantly down-regulated. However, some of the predicted factors may have currently unrecognized roles during erythropoiesis, and therefore, further validation of their erythroidspecific functions would be vital for continued expansion of our understanding of the transcription regulatory networks that control erythroid differentiation. The ability of RNA-seq technology to accurately measure the dynamic range of transcript abundance (7, (18) (19) (20) could result in the discovery of even more differentially expressed genes. In this RNA-seq study, we have identified 404 differentially expressed genes that were undetected in all previous microarray studies (1 -5) . For example, DYRK1B, which belongs to the subfamily of dualspecificity tyrosine phosphorylation-regulated kinases, was reported to be expressed in heart, muscle and testes (64); however, we observed that DYRK1B was induced during late erythroid differentiation, suggesting that it might play some physiological roles there like its related family member DYRK3 (65) . Another potentially interesting candidate is ACAT2 (acetyl-CoA acetyltransferase 2). It was shown that during lymphocytic choriomeningitis virus (LCMV) infection, ACAT2 was up-regulated and accompanied by an erythroid differentiation block (66) . In the current study, we observed ACAT2 down-regulation during erythroid differentiation, suggesting that the attenuation of ACAT2 might be required for normal erythroid maturation. In addition to the protein-coding genes identified here, we also discovered 80 non-coding RNAs. Since non-coding RNAs lie outside the coverage of normal microarray expression studies, these 80 genes further contribute to the 404 previously overlooked differentially expressed genes. Of these, 13 (out of 80) were miRNAs, and it is now abundantly clear that the roles for miRNAs in the regulation of erythropoiesis are well established (67) (68) (69) (70) (71) (72) . In the present study, we found that miR223 expression remains high until Day 11 (FPKM ¼ 16, 86 and 102 at Days 4, 8 and 11, respectively) but is undetectable by Day 14 (FPKM ¼ 0); this suggests that miR223 might play important functions in immature erythroblast cells, but is not required for enucleation prior to the reticulocyte stage. In contrast, the expression levels of miR210, miR3661 and miR3665 peaked on Day 14, suggesting they might be involved in steps required for erythroid terminal maturation. The identification of these novel differentially expressed genes in the current study provides substantial new information to the developmental stage-specific erythroid transcriptome profile.
Microarrays are known to be less sensitive than qRT-PCR (1,2). Thus any discrepancies between the results reported here and earlier studies may be due either to the technological limitations inherent in microarray quantification or to the distinct cell differentiation conditions employed. We conclude that the improved methodology of RNA-seq should lead to more precise estimation of the dynamic changes in transcriptome profiles that occur as a consequence of differentiation. The present data should serve as a useful resource for future investigations into the molecular dynamics of transcriptional regulation during human erythropoiesis and perhaps an initial platform for the identification of novel biomarkers that can be used to predict the severity, or for detection, of human erythroid disorders.
MATERIALS AND METHODS
Ex vivo differentiation of purified human CD34
1 cells
Cryopreserved vials of purified human CD34 + hematopoietic progenitor cells were purchased from the Fred Hutchinson Cancer Research Center. The cells were collected from healthy volunteers in full compliance with federal and institutional regulations on informed consent and confidentiality. The CD34 + cells were isolated from the peripheral blood after mobilization by granulocyte colony-stimulating factor (G-CSF). The cells were grown and differentiated ex vivo into erythroid cells by a twophase culture method described previously (24, 25) . Cell morphology was examined by Wright-Giemsa staining (Sigma-Aldrich) of cytospins. Hemoglobin content was monitored by neutral benzidine staining as described previously (73) .
Flow cytometry
For cell surface marker analysis, cells were collected, washed and re-suspended in ice-cold phosphate-buffered saline with 2% fetal bovine serum (PBS -FBS). For each assay, 10 6 cells in 100 ml PBS -FBS were stained with phycoerythrin (PE)-Cy7-conjugated anti-CD34 (eBioscience), PE-conjugated anti-CD71 (eBioscience), fluorescein isothiocyanate (FITC)-conjugated anti-CD36 (eBioscience), or PE-Cy5-conjugated anti-glycophorin A (BD Biosciences) antibodies for 30 min on ice. Cells were then washed twice, re-suspended in 500 ml ice-cold PBS -FBS, and subjected to flow-cytometric analysis on a FACS Canto II instrument (BD Biosciences).
RNA purification
Total RNA was purified with an ISOGEN (Nippon Gene) reagent from primary human erythroid cells after 4, 8, 11 or 14 days of ex vivo differentiation of CD34 + cells. The integrity and quality of RNA were assessed by the RNA integrity number (RIN) determined with an Agilent 2100 Bioanalyzer (Agilent Technologies). RINs of all the RNA samples used in this study were 10, indicating RNA of the highest integrity.
RNA sequencing
The construction of the RNA-seq libraries was performed according to standard instructions from Illumina. In brief, poly-A + RNA was purified by poly-dT oligo-attached magnetic beads from 10 mg total RNA extracted from primary human erythroid cells after 4, 8, 11 or 14 days of ex vivo differentiation, and then sheared into short fragments of 200-300 bp in length by heating in the presence of divalent Zn 2+ cations. These RNA fragments were reverse-transcribed using random primers into doublestranded cDNA fragments, which were end-repaired and then subjected to addition of a single adenine followed by ligation with an Illumina adapter to both ends. After PCR amplification, cDNA fragments 200 bp in length were selected to generate a library to be sequenced in a paired-end 72-bp sequencing format using the Illumina Genome Analyzer IIx system in the DNA sequencing core facility of the University of Michigan. Two replicate RNA samples at each differentiation stage (Days 4, 8, 11 and 14) were prepared from independent CD34 + -cell cultures to generate two biological replicates of RNA-seq libraries and data sets. 
Identification of novel transcript isoforms and intergenic or intronic transcripts
To identify novel transcript isoforms as well as intergenic or intronic transcripts from the RNA-seq data sets, we performed de novo assembly of the transcripts (without supplying gene model annotations) by using Cufflinks to processes output BAM files from TopHat. The results from replicates were then merged using Cuffmerge, and then Cuffdiff was used to perform differential expression analysis as described above.
Analysis of cross-species conservation of transcripts
To estimate the sequence conservation of transcripts from previously annotated genes and for intergenic or intragenic transcripts, we used PhastCons conservation scores derived from an alignment of 17 vertebrate genomes (29) . For each transcript, we first summed the PhastCons score of individual nucleotides in all exon sequences, and then normalized to the transcript size to achieve an average PhastCons score. Thus, transcripts with higher conservation scores are better conserved across all vertebrates.
Definition and classification of alternative transcriptional and splicing events
(1) Alternative transcription initiation (ATI) and termination (ATT). For each isoform, the 5 ′ end of the first exon was compared with all other isoforms derived from the same gene. If any pair of 5 ′ ends was more than 5 nt apart, it was counted as an independent ATI event. A similar definition was applied to ATT. (2) Intron retention (IR). For each isoform, each intron position was compared with the exon positions of all other isoforms derived from the same gene. If the intron was entirely contained in an exon of another isoform, it was scored as an independent intron retention event. (3). Alternative 5 ′ splicing (A5 ′ S) and 3 ′ splicing (A3 ′ S). For each isoform, the 5 ′ splice sites of introns were compared with those of all other isoforms derived from the same gene. If a particular 5 ′ splice site was not present within 5 nt of 5 ′ splice sites of other isoforms, and yet the exons preceding the 5 ′ splice sites of the two isoforms shared a common genomic segment, it was counted as an independent A5 ′ S event. If no part of the exons preceding the differential 5 ′ splice sites of the two isoforms was shared, it was rather considered as an ES event (described below). A similar definition was applied to A3 ′ S. (4) For each isoform, the start and end positions of each exon were compared with the exon positions of all other isoforms derived from the same gene. If no part of a given exon (except the first or last) was shared by another isoform, it was counted as an independent ES event.
RNA quantification by qRT-PCR
qRT-PCR (reverse transcription and quantitative real-time PCR) assays were performed to quantify 37 transcripts that displayed broad expression ranges during erythroid differentiation in RNA-seq assays, as described previously (75) . The same RNA samples that were used for RNA-seq library construction were used as templates for qRT-PCR. The relative abundance of the mRNAs was determined using 18S rRNA as an internal control, based on threshold cycle (C t ) values and the experimentally determined amplification efficiency for each primer pair. All the primer pairs except for 18S rRNA were designed to span introns (Supplementary Material, Table S9 ). The 37 transcripts examined (Supplementary Material, Fig. S2B ) were comprised of three groups: (1) transcripts that are abundantly expressed during erythroid differentiation, such as a-and b-globin mRNAs (with expression levels up to 316 119 FPKM); (2) transcripts whose expression level fluctuated the most during erythroid differentiation; (3) erythroid-biased transcription factors, which were all expressed at low abundance levels (,1 FPKM).
Validation of intergenic transcripts by RT-PCR and amplicon sequencing
Potential novel protein-coding transcripts identified in intergenic regions were validated by RT-PCR (reverse transcription and PCR) using primers that spanned predicted exon junctions (Supplementary Material, Table S10 ). cDNA was synthesized from RNA extracted from differentiating primary human erythroid cells on Days 4, 8, 11 and 14, and then pooled as templates for PCR, essentially as described previously (75) . The authenticity of PCR amplicons was confirmed by size determination on agarose gel electrophoresis and Sanger sequencing using the same PCR primers.
Heatmap generation
Java Treeview software was used to generate the heatmaps that represent differentially expressed or highly expressed transcripts, where the hierarchical clustering method (average or complete linkage clustering) was used to identify groups of transcripts with similar expression patterns.
Analysis of functional characteristics of transcript sets
We used the web-based implementation of the enrichment testing and concept mapping tool, ConceptGen (http://concep tgen.ncibi.org) (76) to identify biological categories that were enriched in each transcript set of interest, setting the P-value (77) and the UCSC_TFBS database were used to identify over-represented pathways and TFBS lying near or within the genes specifying each transcript set. For the UCSC_TFBS analysis, the DNA sequence used for identification of potential regulatory TFBSs was from 10 kb 5 ′ to the transcriptional start site to 3 kb 3 ′ of the TES, which are conversed among human, mouse and rat species. The set of all transcripts in the Entrez Gene database was used as a control to determine the statistical significance of any over-represented characteristics of each transcript set.
Web-accessible database
We generated a web interface using MySQL database for querying gene expression during human erythroid differentiation (including differentiation Days 4, 8, 11 and 14) from the data presented here. In this database, the transcript abundance can be queried both in FPKM, which was measured by the protocol entitled 'Quantification of reference annotation only' in Cufflinks (26) , or in reads count, which was measured using DESeq (34) . The database is available at http://guanlab.ccmb. med.umich.edu/data/Shi_L_Developmental/index.php.
Statistical analysis
For evaluation of reproducibility of RNA-seq data, or overall changes in transcriptomes during erythroid differentiation, we determined Pearson's correlation coefficients for logarithmic transformations of each transcript abundance in two biological replicate RNA samples, or at two different differentiation stages, respectively.
